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Abstract
This paper investigated the characteristics of fiber bundles which are used for fibrous composite materials. Unembedded 
or dry fiber bundles were tested under monotonically increasing tensile loading. A statistical model was developed based 
on the slack fibers to explain the test results of the unembedded fiber bundles. Then, the behavior of the unembedded fiber 
bundles was compared to the fiber bundles embedded in composite materials, i.e., fiber bundles present in a matrix mate-
rial. Next, unembedded fibers under tensile cyclic loadings with the displacement control mode were examined. The cyclic 
test results were also predicted using the statistical slack model. Finally, the residual strength and stiffness of fiber bundles 
were determined after undergoing different numbers of cyclic loads. Tensile tests were conducted for the same fiber bundles 
until failure after they were subjected to the specified cyclic loading. These tests provided data for the reduction in strength 
and stiffness of the fiber bundles resulting from the cyclic loading. These results would then be used in generating a cyclic 
fatigue failure model based on the multiscale approach that uses the cyclic test data of fibers and matrix materials instead 
of those of composite specimens.
Keywords Fiber bundles · Tensile load · Cyclic load · Statistical slack model · Residual strength
1 Introduction
Fibers play a major role in fibrous composites. To under-
stand and predict the material behaviors of fibrous compos-
ites, it is necessary to understand and measure the material 
characteristics of fibers. The behaviors of the constituent 
materials of the fibrous composite were used in the mul-
tiscale approach to predict the failure and deformation of 
composite materials (Kwon and Park 2013; Park and Kwon 
2013; Kwon and Darcy 2018a, b; Kwon and Panick 2020). 
Even though there has been a vast amount of research on 
fibrous composite materials, there have been considerably 
less studies pertaining to fiber strength and stiffness. Early 
studies were about the fibers of cloth fabrics, and later stud-
ies considered fibers for composite materials.
Some of the earliest studies for fiber strength were con-
ducted by Peirce (1926), Daniels (1945), and Coleman 
(1956, 1957, 1958). They introduced statistical models to 
explain the failure of fibers. They considered a change in the 
load sharing as some fibers failed earlier than others. Later, 
cyclic fatigue loadings were considered for fibers (Phoenix 
1978; Bhattacharyya et al. 2003; Pradhan and Chakrabarti 
2003; Zhou and Mallick 2004; Zhou et al. 2006; Qian et al. 
2010; Mallick 2011). Again, statistics-based mathematical 
models were considered for the progressive failure under 
cyclic loading.
To apply the test results of the fibers to the compos-
ite materials, it is necessary to understand the difference 
between the behaviors of the unembedded fibers and those 
of the same fibers embedded in composite materials. There-
fore, the objective of the present study was to understand 
the strength and stiffness of fiber bundles under monotoni-
cally increasing tensile loading until failure as well as under 
cyclic loading, which can help to understand and predict the 
strength and stiffness of fibrous composites under similar 
loading conditions. To this end, experimental studies were 
conducted first. Then, a statistical model based on slack fib-
ers as well as the finite element models were presented to 
explain the experimental results as well as to correlate the 
test results of the unembedded fiber bundles to the fiber bun-
dles embedded in composite materials. Finally, this study 
investigated the residual strength and stiffness of fiber bun-
dles as cyclic loading progresses. Eventually, the subsequent 
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research that followed would focus on the incorporation of 
these developed models for the fiber bundles into a mul-
tiscale approach for the prediction of the cyclic fatigue 
strength of laminated fibrous composites.
In the next section, the test set-up for the unembedded 
fiber bundles is described. Then, test results for monotonic 
tensile testing are presented along with the slack-based sta-
tistical model to explain and predict the test results. The fol-
lowing section discusses a comparison of the unembedded 
fiber bundles to the fiber bundles embedded in the composite 
materials to explain their difference so that the test data from 
the unembedded fiber bundles could be applied reliably for 
those in the composite materials. Then, the test results of 
cyclic loading are presented with a statistical slack model. 
The next section presents the damage growth in fiber bun-
dles after cyclic loading. That is, tensile tests were under-
taken until failure after the same fiber bundles were tested 
under a specified cyclic loading. Both the reduced strength 
and stiffness, i.e. the residual strength and stiffness, were 
measured as a function of the number cycles. Finally, con-
clusions are provided.
2  Description of testing
The strength and stiffness of fibers can be tested using either 
a single fiber or fiber bundles. Because of the statistical vari-
ation of every individual fiber, single fiber tests require a 
very large number of tests for individual fibers. On the other 
hand, fiber bundle tests can be conducted for only a small 
number of test samples since these fiber bundles already 
contain many fibers with statistical variations.
When fiber bundles are tested, they can be prepared in 
different ways for gripping by the uniaxial testing equip-
ment (Pusch 2016). One way is to utilize end tabs to secure 
fiber bundles at both end sections as sketched in Fig. 1. 
In this case, the end tabs are held directly by the testing 
machine grips. The other method is to introduce adaptors 
to hold the fiber bundles so that the fiber bundles do not 
fail at the gripped site. Figure 2 shows a commonly used 
cylindrical shape adaptor. This is called the indirect grip 
technique. Table 1 compares the pros and cons of these two 
grip techniques.
The indirect grip technique, as shown in Fig. 2, has a 
drawback because the gage length is not clearly defined. 
The fiber bundles wrapped around the cylindrical adap-
tors may also slip during loading. To solve this problem, 
a fiber bundle was marked at two points at its midsection 
when the bundle was initially set for loading to be applied. 
The distance between the two points was measured as the 
initial length. Then, tensile loading was applied to the 
fiber bundle until a specified displacement was research. 
At that loading, the distance between the two points on the 
bundle was measured again to determine the final length. 
The strain in the midsection of the fiber bundle was deter-
mined from the initial and final lengths of the two marked 
Fig. 1  Fiber bundle test coupon 




Fig. 2  Carbon fiber bundle wrapped around cylindrical adaptors and 
clamped by the hydraulic grips. (This is called the indirect grip.)
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points. The result was used as the applied strain of the 
fiber bundle.
In this study, the indirect grip technique was selected 
because of its simplicity and ease of use. Preparation time 
was minimal as compared to the direct grip method. The test 
results were obtained using the adaptors as shown in Fig. 2. 
Displacements were controlled in most tests conducted for 
this study. For the tensile tests, the grip moved at the con-
stant speed of 2 mm/min. The cyclic loading was applied at 
2 Hz with 16 data sampling points per second unless stated 
otherwise. The maximum displacement was specified based 
on the applied strain. The minimum displacement was set 
at 0.1 of the maximum displacement with a strain ratio of 
R = 0.1 (i.e. the minimum strain divided by the maximum 
strain).
Even though the great effort was made in ensuring the 
fiber bundles were taut at the beginning of each test, some 
slack could not be avoided. One of the main reasons was 
that all of the individual fibers in the fiber bundle were not 
aligned in parallel with one another. Instead, fibers were 
tangled within the fiber bundle, as observed in Fig. 3, which 
was taken by scanning electron microscopy (SEM). The 
cross-sectional shape of the individual fibers was quite cir-
cular. However, because of the tangled nature of the fibers, 
the fibers exhibited slack during the fiber bundle tests. If 
a pre-tension were applied to remove all the initial slack 
in the fiber bundles such that the stress–strain curve could 
start linearly from the beginning, some of the fibers would 
be under too much tensile stresses from the beginning. This 
action could then result in a lower failure strength of the 
fiber bundles in their stress–strain curves. As a result, such 
a pre-tension was not applied. A statistical model based on 
the slack of fibers was developed to explain and predict the 
experimental data.
3  Slack fibers based statistical model 
for tensile tests
Tensile tests of unembedded carbon fiber bundles were con-
ducted using the indirect grip technique. Tests were repeated 
three times, and the test results were quite consistent. Fig-
ure 4 shows the tensile test results. The graphs indicated 
three phases. The first phase showed a nonlinear slope, i.e., 
modulus, in the stress as a function of strain. Specifically, the 
initial slope was very low and increased gradually. The sec-
ond phase showed a linear slope, where the elastic modulus 
was constant. Finally, the third phase had a monotonically 
decreasing nonlinear slope. During this phase, maximum 
stress was reached, and the fiber bundles failed completely.
The peak stress of the unembedded fiber bundles was 
lower than the strength of the representative fibers as shown 
in Table 2. If all the fibers shared the loading equally from 
the beginning, without slack until they failed, the fiber 
bundle would reach the strength equivalent to the value in 
Table 2.
The lag in stress, i.e., the force, during the early stage of 
the graphs resulted from the initial slack of tangled fibers in 
each bundle. In other words, all the fibers did not give equal 
resistance as the fibers were pulled from their initial position. 
Table 1  Comparison of two different testing techniques for fiber bundles
Illustration Direct grip Grip using adaptors
Figure 1 Figure 2
Characteristics Fiber bundles are hold directly by the grips of the testing 
machine without adaptors
Adaptors are used to hold the fiber bundles to avoid their failure 
at the grips
Adhesive films or epoxy are used for the end sections of fiber 
bundles to be gripped
No adhesive film or epoxy is used for the gripped section of 
fiber bundles
Pros The gage length between the grips are well defined It is easy to prepare the fiber bundles for testing
Each fiber bundle can include a large number of fibers
Cons It takes more time and effort for preparing the test coupons The gage length is not clearly defined because fiber bundles go 
around the adaptors and they can contribute to the deforma-
tion of the fiber bundles between the grips
Each test coupon has usually a limited number of fibers
Fig. 3  Tangled fibers inside a fiber bundle
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Some fibers with an initial slack will not provide any resisting 
force until they become taut. This phenomenon was modelled 
mathematically as discussed below.
Let p(s) represent the probability function of the fiber bun-
dles to have the initial slack length s. In other words, it is a 
fraction of fibers with the initial slack length s out of the total 
number of fibers in the bundle. Then, the function p(s) satisfies 
the following expression.
As the fiber bundles are pulled at a low constant speed, the 
fibers that have the initial slack length s less than the applied 










and k is the equivalent spring constant of the fiber, which is 
determined from the fiber elastic modulus E, length L, and 
the cross-sectional area A using
The probability function of the initial fiber slacks was 
assumed a skewed normal distribution as expressed below:
where,
Here the three parameters are  ,  , and  . Among them, 
 determines the skewness of the probability function, and 
 , and  are the mean and standard deviation of the normal 
distribution if there was no skewness, as is the case when 
 = 0. The skewed normal distribution has the mean µ and 
standard deviation ?̄? are computed as below:
The selected values of the three parameters for the 
present carbon fibers are listed in Table 2. The predicted 
load–displacement curve is also shown in Fig. 4. The 
model showed the three phases in the stress–strain curve, 
as described previously, compared well with the experi-
mental data until final failure.
Glass fiber bundles were also studied. The experimental 
force–displacement curve was compared to the predicted 
model in Fig. 5. Table 2 also lists the parameters used for 
the glass fiber slack model. The stress–strain curve for the 
glass fiber bundles was found to be like that of the carbon 
fiber bundles, at least qualitatively. The model followed 
the experimental data well across the three phases of the 
curve. Both studies suggested that the skewed normal 
probability function of  =  − 11 could well represent the 
slack model.
(3)⟨𝛿 − s⟩ =
�
𝛿 − s if 𝛿 ≥ s



























































Fig. 4  Comparison of tensile tests of carbon fiber bundles between 
experiments and the model
Table 2  Parameters used in the slack model
Carbon fibers Glass fibers








Length (mm) 93 65




Skewness   − 11  − 11
Positive scale  
(mm)
1.8 ×  10–3 2.7 ×  10–3
Location  (mm) 6.3 7.7
Multiscale and Multidisciplinary Modeling, Experiments and Design 
1 3
This slack model did not include the statistical variation 
of fiber strength in the bundle explicitly. However, fibers 
with weaker strength could be considered to have a smaller 
value of initial slack such that they could fail earlier than 
others. For example, if the weak fibers were modelled with 
a reduced cross-section resulting in higher stress at the 
reduced section, such a reduced section could also decrease 
the stiffness giving a larger displacement, and thus could 
have earlier failure. This can be represented by the slack 
model.
4  Comparison of unembedded fiber bundles 
and fibers embedded in composites
The test results of the unembedded fiber bundles do not 
exactly represent the actual fiber bundles embedded in a 
composite material. There could be multiple reasons for 
this discrepancy. One of them is in the load transfer among 
fibers. The unembedded fibers in the bundle may have load 
transfer from broken fibers to intact fibers through friction 
among fibers. On the other hand, such a load transfer occurs 
through the matric material for fibers embedded in a com-
posite material. The load transfer in the unembedded fibers 
is much smaller than the load transfer through the matrix 
material.
Even though transverse cracks develop in a matrix mate-
rial when a unidirectional composite is under tension along 
the fiber direction, the matrix material still provides some 
load transfer among neighboring fibers. This concept was 
modelled using a finite element model. Figure 6 shows the 
unidirectional fibrous composite loaded along the fiber 
direction, which caused transverse matrix cracking. A local 
area of the fibers and matrix was modelled. Because of the 
matrix cracks, fibers were only constrained from motion and 
loaded as shown in the figure. This was modelled as a 2-D 
model for simplicity. The finite element mesh contained 800 
quadrilateral elements. A very small number of finite ele-
ments at the center of the middle fiber(s) were assumed to 
have a defect, representing a reduction in strength. Such a 
defect was modelled as a smaller thickness such that the 
stress could become higher at that section resulting in failure 
at a lower applied load.
Figure 7 shows the ratio of the stress increase in the 
defected section of the fiber(s) (i.e. at the reduced cross-
section) as a function of the reduction ratio in the cross-
section. The reduction ratio was defined as the ratio of the 
reduced cross-sectional area to the nominal cross-sectional 
area while the ratio of stress increase is the stress in the 
reduced section divided by the stress in the normal section. 
The results showed that a 30% reduction in the cross-section 
yielded about 40% increase in the stress at the reduced sec-
tion. When the aspect ratio decreased, the stress increased 
more. The aspect ratio, which was defined as L/w in Fig. 6, is 
the fiber length between two neighboring transverse matrix 
cracks divided by the nominal cross-sectional dimension of 
the fiber(s). The unembedded fibers will carry the almost 
same load at the reduced cross-section without load transfer 
to the neighboring fibers, which resulted in a higher stress 
increase. Figure 7 compares the stress increase in the unem-
bedded fibers to the fibers embedded in a composite mate-
rial. The stress increase is smaller for the fibers embedded 
in a matrix material, which means the fibers in compos-
ite material can carry a greater load before failure. If 3-D 
finite element models were used, the load transfer would be 
greater than that for the 2-D model because the 3-D model 
has larger contact surfaces between the fibers and the matrix 
than the 2-D model.
The next study investigated the effect of the fiber wavi-
ness. In other words, a single or a group of fiber(s) were 
assumed to have a sinusoidal shape of waviness while others 
were straight, as sketched in Fig. 8. The curved fiber(s) was 
represented by the following equation,
where x is along the fiber direction, and y is in its trans-
verse direction. The ratio, b/L, is defined as the waviness 
ratio. For a specified uniform displacement applied to the 
curved fiber(s) as shown in Fig. 8, the stress carried by the 
curved fibers was plotted in Fig. 9. The stress was normal-
ized by the stress in the straight member. The stress in the 
curved member was determined at x = L∕2 , i.e. at the center 
of the curved fiber(s). As the waviness ratio increased, the 
stress in the curved fiber(s) decreased nonlinearly. For a 
very small waviness ratio, the curved fiber(s) carried the 






Fig. 5  Comparison of tensile tests of glass fiber bundles between 
experiments and the model
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stress at a similar level to that of the straight fiber(s). As the 
waviness ratio became larger than 0.005, the stress in the 
curved fiber(s) decreased faster. When the waviness ratio 
was 0.0125, the stress in the curved fiber(s) was slightly 
less than 80% of the straight fiber(s). As the waviness ratio 
was further increased, the ratio of the stress in the curved 
member had a negligible change until 0.014.
In the next study, matrix cracks were assumed as 
sketched in Fig. 6. Then the stress in the curved fiber(s) 
was investigated for different waviness ratios with matrix 
cracking. The ratio of the stress in the curved fiber(s) to 
the straight fiber(s) remained almost the same. That is, the 
matrix crack had a negligible influence on the stress in the 
curved fiber(s).
If the fibers were unembedded without matrix bond-
ing, the curved fiber(s) would not carry any load until the 
applied displacement became greater than the initial slack 
length as discussed previously. On the other hand, the 
Fig. 6  Fiber models with trans-































Defected secon in fiber
w
L
Fig. 7  Plot of stress increases in defected fiber(s) from the model in 
Fig.  8 and the unembed fibers. (The fiber defect was modelled as a 








Fig. 8  Curved fiber(s) along with straight fiber(s) embedded in a 
matrix material
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matrix resulted in load transfer from the strength fiber(s) 
to the curved fiber(s).
To apply the test data from the unembedded fiber 
bindles to the fiber bundles embedded in the composite 
material, some modifications are necessary. This study 
was to understand the difference between the unembed-
ded fiber bundles and the embedded fiber bundles so that 
the test data of the unembedded fiber bundles could be 
more appropriately used to represent the fibers in com-
posite materials.
5  Slack fibers based statistical model 
for cyclic tests
The same fiber bundles were also tested under cyclic load-
ing. The tests were conducted by controlling displacements. 
The maximum displacement was determined based on a 
specified applied strain. Then, the ratio of the minimum 
displacement to the maximum displacement was set at 0.1. 
The cyclic loads were applied at 2 Hz and the data points 
were collected using 16 Hz.
Figure 10 shows a typical test result of carbon fiber bun-
dles under cyclic loading. Because of the inertia of the grip 
head, it took a little while for the grip to reach the speci-
fied maximum displacement from the initial rest condition. 
Approximately five cycles passed between the time when the 
specimen was displaced to the specified maximum displace-
ment to the point where the maximum force was observed. 
After the maximum force was achieved, the peak force was 
reduced quickly while the maximum applied displacement 
was held constant.
The reduction in the peak force was much greater in the 
beginning. The first 20 cycles just after the maximum peak 
force lowered the peak force by more than a half. There 
are multiple potential reasons for such a reduction in the 
measured force. One possibility is the break of weak fibers 
during the early cycles. To see such a large reduction in the 
force, a large portion of fibers should be failed. However, 
such a major failure was not observed during the tests. There 
was no noticeable fiber failure, at least not with the naked 
Fig. 9  Plot of stress carried in initially curved fiber(s) as a function of 
the waviness ratio
Fig. 10  Cyclic tests of carbon 
fiber bundles
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eye. Another possibility is the presence of slack in the fiber 
bundles. It is considered that a gradual change in the slack 
occurred in the fiber bundles with the cyclic loading during 
early cycles until all of the slacks was stabilized. Such a 
change in the slack was modelled as a change in the param-
eter  in the skewed normal probability function as shown 
in Eq. (11).
where (n) is the value of  after n cycles, and (0) is the ini-
tial reference values that is equal to the value for the tensile 
test as given in Table 2. The two constants in Eq. (11) were 
chosen to be a = 0.21 and b = 0.13 for the best fit of the data. 
Then, the same probability density function as used for the 
tensile tests was used again for the cyclic loading. The slack 
model produced a very similar force reduction under the 
cyclic loading with a specified constant displacement. Fig-
ure 11 shows the comparison. The curves are for the applied 
strain of 0.02. The plot shows a good agreement between 
the experimental data and the model prediction using the 
statistical slack model.
6  Residual strength and stiffness after cyclic 
loading
Previous researches considered the damage progress of 
composite materials with cyclic loading (Adam et  al. 
1986; Shokrieh and Lessard 2000; Nakai-Chapman et al. 
2021). Both strength and stiffness were reduced as a func-






They assumed the following mathematical expression for 
the residual strength and stiffness,
where Sr is the residual strength such as failure strength, So 
is the initial strength,  is the maximum applied stress under 
cyclic loading, n is the number of cyclic loads applied, Nf  
is the number of cycles for failure under the given loading, 
and p, q, and a are the constants to be selected.
While the previous studies examined composite speci-
mens, this study conducted tensile testing of fiber bundles 
after a specified cyclic loading. Then, the strength and 
stiffness were measured from the tensile tests. Those val-
ues were compared to the tensile tests of the virgin fiber 
bundles without cyclic loading. The strength and stiffness 
were obtained as sketched in Fig. 12.
Figure 13 compares the force–displacement curves with 
different numbers of cyclic loading prior to the tensile 
tests. The plot clearly shows a decrease in the peak force 
in the curves as the number of cycles is increased. All the 
initially cyclic-loaded fiber bundles had a longer period of 
displacement at zero or negligible force than the no cycled 
fiber bundles. This suggested that slacking occurred more 
under cyclic loading than the pure tensile loading. This 
detail was modelled using Eq. (11) for the cyclic loading.
The reduced peak stress was denoted as the residual 
strength in the fiber bundles after cyclic loading. The nor-
malized residual strength in terms of that with no cyclic 
loading was plotted as a function of the load cycles, as 
shown in Fig. 14. The residual strength varied in an expo-












Fig. 11  Comparison of force reduction during cyclic loading between 
the experimental and slack model for the applied maximum strain of 
0.02 Fig. 12  Plot showing the measurement of the strength and stiffness
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where the constants c and d were selected 0.22 and 0.25 for 
the best fit of the data, respectively. The equation in (13) is 
compared to the experimental data in Fig. 14. Even though 
the experimental data are quite scattered, the exponential 
model followed the trend well.
The change in the elastic modulus, or called residual stiff-
ness, after cyclic loading showed a similar trend as the resid-
ual strength as shown in Fig. 15. The same form of equation 
as given in (13) was also used for the residual failure strain 







c = 0.16 and d = 0.25. Of note, only constant c was different 
between the residual strength and residual stiffness.
Figure 16 plotted the residual failure strain as a func-
tion of the load cycles. As compared to the residual strength 
and residual stiffness, the reduction in the failure strain was 
smaller and more scattered. In this case, a linear curve fitting 
was shown in the figure to indicate the trend of the failure 
strain as a function of the cyclic loading.
A final set of tests were performed for the carbon fiber 
bundles using stress-control, i.e. force-control. The applied 
cyclic force is shown in Fig. 17. The residual strength when 
applying force-control is shown in Fig.  18, where zero 
residual strength denotes the fatigue failure at those cycles. 
The residual strength decreased slowly until the carbon fiber 
bundles had fatigue failure.
Fig. 13  Comparison of stress–strain curves of carbon fiber bundles 
after different numbers of cyclic loading with 
max
= 0.033
Fig. 14  Plot of residual strength as a function of load cycles of car-
bon fiber bundles with 
max
= 0.033
Fig. 15  Plot of residual stiffness (i.e. elastic modulus) as a function of 
load cycles of carbon fiber bundles with 
max
= 0.033
Fig. 16  Plot of residual failure strain as a function of load cycles of 
carbon fiber bundles with 
max
= 0.033
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The residual strength under the stress-control was modelled 
using a statistical model. Let a fiber bundle be subjected to the 
maximum applied stress o while the fiber bundle the virgin 
failure strength f  . During each cyclic loading, let’s assume 
some fibers failed and the load is transferred to the remind-
ing intact fibers. The fraction of failed fibers during the i-th 













0 ≤ 𝜎 ≤ 𝜎f
1 𝜎 > 𝜎f ,
where  = o
fi
 and  is a constant. Then, the failed fibers after 




 . Finally, the residual strength after n cycles is 
fnf  . With the selection of  = 15.504, the predicted residual 
strength is plotted in Fig. 18. The predicted curve follows 
the test data well.
From the study of the residual strength and strain after 
cyclic loading, failure of the fiber bundles can be predicted. 
Depending on the cyclic loading control and the failure cri-
teria, four different cases were plotted in Figs. 19 and 20. 
The first case is the stress-controlled cyclic loading with the 
stress-based failure criteria as sketched in Fig. 19a. While 
the applied cyclic loading has the constant maximum applied 
stress, the residual strength decreases with the number of 
cycles. When the residual strength became equal or less than 
the applied cyclic stress, failure occurs.
The second case is the strain-controlled cyclic loading 
while the stress-based failure criteria are used as seen in 
Fig. 19b. Both the residual strength and the applied stress 
decreased as a function of the cyclic loading. When the two 
curves meet, failure occurs.
The third case is the stress-controlled cyclic loading with 
the strain-based failure criteria as shown in Fig. 20a. In this 
case, the applied maximum strain during the cyclic load-
ing increases while the applied stress remains constant. The 
residual failure strain also decreases with the cyclic load-
ing. The final case is the strain-controlled cyclic loading 
with strain-based failure criteria. This is sketched in Fig. 20b 
where the applied strain is constant.
7  Conclusions
Both tensile, as well as cyclic fatigue tests, were conducted 
for the unembedded fiber bundles to understand and measure 
their characteristic properties. The fibers in every bundle 
were tangled, and all fibers were not aligned in parallel. As 
a result, when the fiber bundle was pulled for tensile loading, 
some fibers picked up the loading immediately while others 
did not until they became taut. To predict such a behavior, a 
slack-based statistical model was developed using a skewed 
normal distribution function. The model gave predictions 
comparable to the experimental data. Then, the behavior of 
the fiber bundles was compared when they were unembed-
ded as in the present test and embedded in composite materi-
als. The embedded fibers have a load transfer from one fiber 
to another through the matrix material as one fiber fails. 
Additionally, the constraint by the matrix material makes the 
initially slack fibers carry the applied loading without allow-
ing them to be taut. As a result, to use the test results of the 
(15)fi+1 = (1 − p(i))fi,
Fig. 17  Applied cyclic force to carbon fiber bundles with the force-
control
Fig. 18  Plot of residual strength as a function of load cycles of car-
bon fiber bundles with the maximum applied force 960 N
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unembedded fiber bundles and apply them to the composite 
materials in a multiscale approach, those differences must 
be properly considered.
Combined cyclic and tensile tests were also conducted 
for fiber bundles to determine the residual strength and 
stiffness as damage progressed along with cyclic load-
ing. After a cyclic loading test with a specified number 
of cycles, the same fiber bundles were tested under ten-
sile loading until failure. Comparing the strength and 
stiffness of fiber bundles before and after a different num-
ber of fatigue cycles showed how the strength and stiffness 
degraded as a function of the cyclic loading. The trend of 
reduced strength was similar to that of reduced stiffness 
as the cyclic loading was increased. Both showed an expo-
nential decay initially.
This information can be used to predict the cyclic failure 
of fiber bundles. Eventually, these data are planned to be 
applied for the multiscale approach to predict fatigue failure 
Fig. 19  Illustration of failure 
under cyclic loading depending 
on stress-based failure criteria 
for either stress or strain-con-
trolled cyclic loading
(a) Stress-based failure criteria under stress-controlled cyclic test















No. of Cycles No. of Cycles at Failure
Residual Strength Curve
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of laminated fibrous composites using the fatigue properties 
of the fibers and matrix material.
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